Statistical verification of short term numerical weather prediction (NWP) experiments using the Japan Meteorological Agency (JMA) non-hydrostatic model (NHM) and the advanced research WRF (the weather research and forecasting model), referred to as WRF-ARW, was conducted around Japan and Southeast Asia. Two seasons (July 2007 and January 2008) that include typical weather systems in each region were selected for the verification. The results of the verification were compared between the two models with the same initial /boundary conditions, the same domain size (3000 km × 3000 km), and the same horizontal resolution (20 km). Forecast results were verified by the surface precipitation estimated by satellites and vertical profiles based on sonde observations. The threat scores for precipitation around Japan determined by the two models are almost the same. In the rainy season (July 2007), they are not far from the typical values for summer determined by the JMA operational mesoscale model. WRF tends to predict more rain than NHM and the bias scores of NHM are closer to unity than those of WRF-ARW in most precipitation intensity ranges. In the Southeast Asia region, the threat scores of the two models are only about half of those for the rainy season in Japan. In the dry season (July 2007), the threat scores determined by WRF are slightly better than those by NHM, while in the rainy season (January 2008) NHM is slightly better than WRF-ARW for weak to moderate rains. Statistical scores against sonde are of almost the same magnitude, though the root mean square errors for wind of NHM are slightly better than those of WRF-ARW.
Introduction
In Southeast Asian countries, meteorological disasters (e.g. floods, windstorms) frequently occur, causing severe damage. To reduce such meteorological disasters, a research project called the "International Research for Prevention and Mitigation of Meteorological Disasters in Southeast Asia" was initiated in 2007 with the collaboration of universities and research institutes in Japan and Southeast Asia. One of the purposes of this project is to develop a decision support system based on NWP for the mitigation of meteorological disasters. NHM is used as a community model in the NWP system for predicting the occurrence of meteorological disasters.
To apply NHM to NWP in Southeast Asia, verification of its forecast accuracy in the tropics is necessary. NHM was implemented as an operational mesoscale model (MSM) at JMA in September 2004 (Saito et al. 2006; 2007) . The horizontal resolution of the current operational application is 5 km (5km-MSM). NHM has been also used for research purposes as a cloudresolving model with fine horizontal resolution. However, in this research project, NHM is used primarily with horizontal resolutions of several tens kilometers because in most Southeast Asian countries the initial and lateral boundary conditions are given by global model forecasts whose typical horizontal resolution is about 100 km. For this study, we selected 20 km as the horizontal resolution to avoid any nesting gap caused by using these global data, and we conducted statistical verification procedures. Forecast experiments were also conducted around the Japan region for comparison with the Southeast Asian region, because there are many observational data and verification results from NHM. In addition, experiments with WRF-ARW (Skamarock et al. 2005 ; hereafter WRF) were conducted under the same conditions as those of NHM in order to compare the forecast accuracy of NHM. The experimental designs are described in Section 2. The results of the verification procedures for both models are provided in Section 3. Finally, the study is summarized in Section 4. tion, the same model top height and the same time step are used to ensure a fair comparison. Initial and boundary conditions are taken from the global forecast system of the National Centers for Environmental Prediction (NCEP-GFS) every 3 hours. The NCEP-GFS forecast was selected because its data set can be downloaded through the Internet without strict restrictions. The model specifications and parameter settings employed in the experiments use the recommended (or default) values without tuning. The reason for this is that many users do not change the recommended settings upon first use. The same settings in each model are applied to two regions, around Japan (Lambert conformal projection) and Southeast Asia (Mercator projection). Figure 1 indicates them model domains. Table 1 summarizes the model settings for NHM and WRF. The computations were performed by two Intel Xeon E5335 processors, using four cores and four parallel processes in double precision real numbers. The elapsed time and memory used were 140 min and 2.5 GB for NHM and 104 min and 2.2 GB for WRF. Note that in the experimental specifications, the physical processes (e.g., cloud microphysics) used in NHM are more complex than those in WRF. Two simulation periods were selected. One is the 15 days from 1 to 15 July 2007, which is the rainy season in Japan and the dry season in Java Island. During this period, typhoon 0704 "MAN-YI" hit the south coastal region of the Japanese Islands. The other period selected is 15 days from 1 to 15 January 2008, which is the winter heavy snow season in Japan and the rainy season on Java Island. Simulations for short term fore- casts (36 hours) were started every day at 00 UTC for 15 days.
Model description and design of experiments

Statistical verification
The model results were verified by a twoobservation dataset. One observation is the global surface rain, as estimated by passive microwave satellites (CMORPH: CPC MORPHing technique, Joyce et al. 2005) . The resolutions of CMORPH are every three hours in time and every 0.25 degrees in latitude and longitude. Using this dataset, bias and threat scores for 3 hour precipitation in each verification grid are calculated. The threat score and bias score are calculated as follows: threat score = hit/(hit + miss + false), the bias score = (hit + false)/(hit + miss). The prediction accuracy is revealed as both of the scores come closer to 1. A 40 km verification grid is used in order to avoid differences between the map projections of CMORPH and the models. The scores are calculated every three hours, and the later 24 hours of the 36 hour forecast period are used for statistical verification. The region within 300 km of lateral boundaries is excluded from the verification to eliminate the influence of the boundaries. The scores against surface rain gauge observations (AMeDAS: Automated Meteorological Data Acquisition System) are calculated only over the Japanese Islands. The predicted 3 hour precipitation over the land at the nearest grid point to each AMeDAS station is directly compared with the precipitation observed by AMeDAS. The other source of data is radio-sonde upper atmosphere observations. Sonde observations are conducted at a limited number of sites located only on the land (Fig. 1 ), but they directly observe the vertical profile of atmospheric conditions. Interpolated model grid data for the sonde locations are compared with sonde data.
Precipitation verification
Figures 2a c indicate the continuous 15 days accumulated precipitation around Japan in July 2007. Figures 2d and 2e plot the bias and threat scores against the precipitation intensity (mm/3 hours). The observed precipitation area (Fig. 2a) , corresponding to the Baiufront in south Japan, is well reproduced by the models (Figs. 2b and 2c) . In contarst, precipitation over the western part of Japan and the Sea of Japan are overestimated in the models. The bias score of NHM is close to 1, but WRF tends to predict more rain than NHM for all precipitation thresholds against CMORPH. A similar tendency is seen in the bias scores against AMeDAS (Fig. 2d) . The threat scores for both models are 0.27 at 1 mm/3 hours for CMORPH (Fig. 2e) . This value is not far from that (0.30) of 5km-MSM obtained around Japan in the summer (July to September) of 2006 (Miura, 2007) , although the verification grid is 20 km in Miura (2007) and the periods are different. Roughly speaking, both of the models have reasonable accuracy as a short term NWP for this region and period. Figure 3 is the same as Fig. 2 except that it is for January 2008. In this period, heavy snowfall was observed over the main Island of Japan. However, CMORPH (Fig. 3a) does not yield an exact snowfall precipitation amount for Japan's main island, because snow and ice at the surface cannot be distinguished from frozen hydrometeors by the present precipitation estimation algorithm of CMORPH (Joyce et al. 2005 ). The bias scores for the two models against CMORPH are greater than 1 above the 5 mm/3 hours threshold (Fig.  3d) . The threat scores for the two models against CMORPH are almost the same, but are less than half of that for July 2007 around Japan (Fig. 3e) . Meanwhile, the bias scores for the two models against AMeDAS are closer to unity than those against CMORPH in January 2008. The deterioration in threat scores of the two models against AMeDAS from July 2007 to January 2008 is smaller than those against CMORPH. Therefore, the decreasing scores against CMORPH are not caused by the models but by snow on the land. The threat scores of NHM against AMeDAS are better than those of WRF. Figure 4 is the same as Fig. 2 , but for July 2007 around Southeast Asia. This period is the dry season on Java Island. Both of the models reproduce the dry climate on Java Island well (Figs. 4b and 4c) . However, the predicted precipitation is overestimated in the northern part of the domain, especially near the north boundary with WRF (the edge regions of 300 km width are not included in the statistical verification). In the bias score (Fig. 4d) , WRF overestimates the precipitation under 5 mm/3 hours. The threat score for WRF is 0.14 at 1 mm/3 hours (Fig. 4e) , which is about half of the scores in July 2007 around Japan. The threat score of WRF is slightly better than that of NHM. Figure 5 is the same as Fig. 3 except that it is for Southeast Asia. The accumulated precipitation over the sea is overestimated in both models (Figs. 5b and 5c ). In addition, WRF has excessive precipitation over Borneo Island. The bias and threat scores have almost the same trend as in July 2007 around Southeast Asia (Figs. 5d  and 5e ). However, the threat scores of NHM are better than those of WRF for weak to moderate rains.
Verification by sonde data
Verification of the 36 hour forecasts for July 2007 around Japan using sonde data is demonstrated in Fig.  6 . Figures 6a and 6b show the vertical profiles of the mean error (ME) and the root mean square error (RMSE) of the temperature (T). There are few differences in T between the two models. ME and RMSE are larger at 200 hPa and 925 hPa than at other levels. Vertical profiles of ME and RMSE for the specific humidity (Qv) do not show a large difference except for the ME of WRF at 925 hPa (Figs. 6c and 6d ). Vertical profiles of ME and RMSE for the horizontal wind speed (WIND) are found in Figs. 6d and 6e. NHM has a negative bias at mid-level wind speeds, while the magnitude of RMSE is smaller than WRF. A similar weak negative bias in wind speed has also been reported in the operational 5km-MSM for July to September 2006 (Miura, 2007) . Figure 7 is the same as Fig. 6 except that it is for January 2008. The ME and RMSE of T are large in the lower atmosphere for both models. In the middle atmosphere, WRF has a worse ME of T than NHM. The ME of Qv in both models accords well with sonde observations. The ME and RMSE of WIND have the same error tendency as seen in July 2007. ME and RMSE in Southeast Asia are plotted in Figs. 8 and 9. As for T, NHM has a negative bias at lower levels. The ME of Qv is large in both models and seasons (Figs. 8c and 9c ). Both models have a negative bias at 925 hPa level and a positive bias at 700 hPa. These biases of Qv may stem from the insufficiency of convective boundary layer physics, and may be related to the low accuracy of precipitation forecasts in Southeast Asia discussed in the previous subsection. The MEs of WIND (Figs. 8e and 9e) are larger in both models than those around Japan. The RMSEs of NHM are slightly better than WRF in both seasons.
Summary and concluding remarks
In this study, statistical verification of NHM and WRF are conducted with the same horizontal resolution of 20 km and under the same conditions around Japan and Southeast Asia during two seasons, namely 15 days in July 2007 and January 2008. Around Japan, both models exhibit a similar performance in predicting precipitation and upper air conditions. Threat scores for precipitation from the two models are almost identical, while WRF tends to predict more precipitation than NHM in bias scores. NHM shows better performance in its threat scores against AMeDAS in January 2008 than WRF. This may be because orographic snow is better simulated by the more sophisticated cloud microphysics used in NHM. In Southeast Asia in both seasons, the threat scores of precipitation are only about half of those for July 2007 around Japan in both models. The MEs of T, Qv, and WIND around Southeast Asia are worse than those in July 2007 around Japan. The RMSEs are almost the same magnitude in the two models though the RMSEs of WIND by NHM are slightly better than with WRF.
In our results, the accuracy of both forecast models around Southeast Asia was worse than that of the forecast for the rainy season in Japan. One of the reasons is that precipitation in the rainy season in Japan is caused by a mid-latitude synoptic disturbance, while tropical precipitation is caused by convection. Other causes may be in the initial and boundary conditions and/or the physical processes of the two models. The accuracy of current global models may be insufficient for forecasting precipitation in the tropics (e.g. Yuan et al. 2008 ). In addition, both of the mesoscale models may have some problems or unsuitable settings for forecasting tropical precipitation. We need to obtain more accurate statistical verification of the models. In addition, it must be confirmed that forecast accuracy is improved by downscaling using finer horizontal resolutions (e.g. 5 km). These issues represent our future work. To accomplish high resolution QPF (Quantitative Precipitation Forecast) verification in Southeast Asia, we need more sophisticated global precipitation data.
